Magneto-optical Kerr effect in Eui^xCaxB^ 
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We have measured the magneto-optical Kerr rotation of ferromagnetic Eui-xCoxBe with x=0.2 
and 0.4, as well as of YbBa serving as the non-magnetic reference material. As previously for EuBq, 
we could identify a feature at 1 eV in the Kerr response which is related with electronic transitions 
involving the localized 4f electron states. The absence of this feature in the data for YbBe confirms 
the relevance of the partially occupied 4f states in shaping the magneto-optical features of Eu- 
based hexaborides. Disorder by Ca-doping broadens the itinerant charge carrier contribution to the 
magneto-optical spectra. 
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Recent investigations of the magneto-optical (MO) 
properties of EuBq, a ferromagnet with a Curie tem- 
perature Tc of 15.5 K , as a function of temperature and 
magnetic field, provided a variety of results which, in par- 
ticular, revealed an intimate link between the electronic 
properties and the bulk magnetization^'^''^. Most infor- 
mative in this respect were results from measurements 
of the polar Kerr rotation 6k: which is directly related 
to variations of the electronic excitation spectrum upon 
spontaneous and field induced magnetic order. Kerr ro- 
tation spectroscopy also yields information on electronic 
transitions involving both localized electronic orbits as 
well as itinerant charge carriers. The 9k spectra of EuBq 
exhibit two particular features^. The first, situated in the 
infrared spectral range at approximately 0.3 eV , is a res- 
onance which increases in magnitude and shifts to higher 
energies with either decreasing temperature or increas- 
ing magnetic field. At all temperatures and fields this 
resonance coincides with the plasma edge feature of the 
optical reflectivity i?(w) (Refs. 1 and 2) and is giant at 
low temperatures and high magnetic fields, i.e., of about 
11 degree of rotation at 2 if and 7 T (Ref. 3). The sec- 
ond feature in 9k(,oj) is a signal at 1 eT^, which also grows 
with decreasing temperature or increasing magnetic field, 
but does not shift in energy"^. 

The resonance at 0.3 eV is caused by the response of 
the itinerant charge carriers to magnetism, while the Kerr 
resonance at 1 eV is associated with the MO response 
of the 4f-5d interband transitions^'"*. A phenomenologi- 
cal analysis, based on the classical Lorentz-Drude disper- 
sion theory adapted to the Kerr rotation phenomenon*, 
revealed that the giant Kerr rotation pinned to the re- 
flectivity plasma edge is indeed the consequence of an 
interplay between the response of the localized 4f-states 
and the itinerant charge carriers, a suggestion previously 



put forward by Fell and Haas^'^. The polar Kerr rota- 
tion at 1 eV correlates directly with the bulk magnetiza- 
tion M{H), confirming that the magnetic moments are 
essentially due to the localized f-electrons of the Ev?'^ 
ions'^'*'^. It is thus clear that Kerr spectroscopy allows 
for distinguishing between the roles of itinerant and lo- 
calized electrons with respect to magnetic properties of 
a metal. 

In order to confirm this scenario and its interpretation, 
we have repeated this type of experiments on material of 
the Eui^xCa^BQ series and on YhB^. It is well estab- 
lished that replacing Eu in EuBq by isoelectronic Ca 
changes both the magnetic and the transport properties 
of these hexaborides^'^. Not surprisingly, the Curie tem- 
perature Tc decreases significantly with increasing Ca 
content. YhB^ was chosen because it provides the pos- 
sibility to probe the MO response of an essentially non 
magnetic hexaboride with divalent cations. In YIdBq, Yh 
enters in its divalent configuration with all the 14 f orbits 
occupied and thus without ionic magnetic moment 

In our measurements of the Kerr rotation in the polar 
configuration, i.e., with the light beam oriented parallel 
to the magnetic field, linearly polarized light, a super- 
position of left (LCP) and right (RCP) circularly polar- 
ized components of equal magnitude, is reflected from the 
sample at a given temperature between 2 and 10 K and 
in external magnetic flelds from to 10 T (Refs. 3 and 
11). The polarization plane of the reflected light, with 
respect to that of the incident light, is rotated by a fleld 
and temperature dependent angle 9k. This is a conse- 
quence of the differing absorptions for the two circular 
polarizations. The Kerr angle is given by 
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FIG. 1: Polar Kerr rotation at 2 K and 7 T for Eui-^Ca^^Be. 
The inset displays the 1 and 7 T Kerr spectra of YbBe at 10 
K. Note the much stretched scale for 9k in the inset. 



where A± are the phases of the complex reflectance 
f±{,^) = P±e'^± and n± = n± — ik± are the com- 
plex refraction indices for LCP (— ) and RCP (+) light, 
respectively'^'^'^^. The relation between 0k and the re- 
fraction indices in eq. (1) is strictly valid only for Kerr ro- 
tations not exceeding 15 degrees, which is the case hcrc"'^'^. 

The single- crystalline samples of Eui-xCuxBq, as well 
as YbB^ were prepared by solution growth from Al 
flux, using the necessary high-purity elements as start- 
ing materials. All samples were characterized by X- 
ray diff'raction, dc-transport and thermodynamic exper- 
iments probing thermal properties®. From magneto- 
transport data on Ca-doped EuBq, the presence of 
Al inclusions in the samples can be excluded*. Wc 
have investigated two specimens with 20% and 40% Ca- 
content and Curie temperatures Tq of 5.3 K and 4.5 K, 
respectively^'^. 

Figure 1 summarizes 6'x(cl)) at 2 if and 7 T for 20% and 
40% Ca-doping. For the purpose of comparison we also 
display for EuBa (Rcf. 3), measured under the 

same experimental conditions. The most obvious obser- 
vation is that by Co-doping the huge resonance at about 
0.3 eV is essentially wiped out, whereas the feature at 
about 1 eV retains its shape and amplitude and shifts 
only slightly in energy. This feature in 9k{^) is absent 
in the results^^ obtained for YbB^, as may be seen in 
the inset of Fig. 1. Figure 2 emphasizes the field and 
temperature dependence of the 1 eV resonance of the 
Eu-hased compounds with x=0.2 and 0.4. The general 
trend is the same for both samples and bears similarities 
with the results'^''* for x=0. The 1 eV feature increases 
in magnitude with decreasing temperature and increas- 
ing field, but does not exhibit a shift of the resonance 
frequency. The increase in magnitude tends to saturate 
at low temperatures and high magnetic fields. 



bi3 
o 



o 

I: 



x=0.4 



(a) 



- - 10 K, 1 T 

10 K, 7 T 

2K, IT 
2 K, 7 T 




- - 10 K, 1 T 

10 K, 7 T 

2K, IT 
2 K, 7 T 



0.5 1.0 1.5 2.0 

Energy (eV) 



2.5 



FIG. 2: Temperature and magnetic field dependence of the 
polar Kerr rotation 6k{u)) for Eui-xCaxBe in the spectral 
range around 1 eV. 



Magneto-optical reflectivity data, to be presented and 
discussed elsewhere^"^, indicate that C«-doping induces 
an enhancement of the scattering rate for itinerant charge 
carriers, in accordance with dc transport results*. This 
in turn leads to a so-called overdamped behaviour of 
the reflectivity, particularly at high temperatures and 
low fields. The sluggish onset of the R{lj) plasma edge 
behaviour in Ca-doped EuBq is apparent in Fig. 3b, 
where R{u)) at 10 K and 7 T for the binary compound^ 
is also shown for comparison. The R{u}) plasma edge 
in Eui^xCaxBe for x ^ extends over some range in 
Lu around 0.3 eV and the considerable blue-shift of the 
edge, as observed for EuBq (Refs. 1 and 2) with decreas- 
ing temperature or increasing field, is absent 

As wc have recently demonstrated*'^^, the extended 
Lorentz-Drude modcl^* is quite successful, in reproduc- 
ing the MO features of EuBq. Therefore, for the analysis 
of the data presented here we have adopted the same ap- 
proach as that employed in Rcf. 4. It turns out that 
for the samples of the Eui-xCa^BQ series with a; ^ 0, 
two Drude components are necessary to account for the 
low frequency electrodynamic rcsponsc"'^'' . Only one of 
the Drude terms is really relevant for determining the dc 
(w — > 0) transport properties and it also dominates the 
temperature and magnetic field dependences of (7i{lu) at 
low frequencies. The second Drude-type contribution ac- 



3 



bo 

3 
a 

o 

o 
P3 

I: 




• I— I 

> 

O 
O) 



40 
30 
20 
10 



I 1 I 


exp. 1 T 


\ A. , 


-c^ exp. 7 T 




-- -- fit 1 T 


^ o ' 


fit 7 T 


\\ ' 
\V 

1 




I 

■(b) 


- - exp. 7 T (x=0) 



a 

i-H 




10° 
Energy (eV) 



FIG. 3: Comparison of the measured and calculated (Lorentz- 
Drude model) Kerr rotation, reflectivity and real part ai{uj) 
of the optical conductivity at 10 K and selected fields for 
Euo.8Cao.2Be. The low energy limit of the Kerr spectrome- 
ter (i.e., 0.23 eV) is marked with a vertical thin dotted line 
in panel (a). For the purpose of clarity, the panels (b) and 
(c) show only the 7 T data, since the field dependence is 
negligible in this spectral range, as is confirmed by the corre- 
sponding calculated curves. For comparison, the sharp onset 
of the -R(w) plasma edge of EuBe at 10 K and 7 T is also 
shown in panel (b). The inset in panel (c) shows 0-1(0;) for 
Eui-xCaxB(i in the spectral range around 1 eV. For all pan- 
els the same symbols for x=0.2 as those shown in panel (b) 
apply. 



counts for the spectral weight background in ai{u}). The 
scattering rate of the first Drude term is rather small but 
temperature and field dependent, while the one of the 
second Drude term is large, and temperature and field 
independent^^. The essence of the present discussion is 
not really affected by the way by which the metallic com- 
ponent in the optical properties is fitted. For the repro- 



duction of the optical data in the spectral range above 1 
eV, which arc dominated by intcrband transitions, four 
Lorcntz harmonic oscillators (h.o.) had to be considered. 
The four h.o.'s are at 1 and 1.5 eV for 20% Ca-doping, 
at 0.8 and 1.3 eV for 40% Ca-doping, and at 3.4 and 
^11 eV for both Ca-contents^'''. The energy splitting of 
the h.o.'s around 1 eV is consistent with the experimen- 
tally verified splitting of the f-states^^. 

Since above 2.5 eV no temperature and magnetic field 
dependence of the optical properties were detected, the 
parameters of the Lorentz h.o.'s at 3.4 and 11 eV were es- 
tablished at 10 X, in order to fit the measured reflectivity 
R{ui) as well as all the optical functions up to 12 eV. For 
the fits to the Kerr rotation data in the relevant energy 
interval (0.23-4 eV), these latter parameters were then 
fixed for all temperatures and magnetic fields. The pa- 
rameters of the Drude components and of the two h.o.'s 
necessary for describing the 1 eV feature in 6k were, 
however, allowed to vary as a function of temperature 
and field^^. The overall features of the MO properties 
and particularly their temperature and magnetic field de- 
pendences can be reproduced quite accurately. Figure 3 
exemplifies the fit quality for the sample with 20% Ca- 
content at 10 K and two selected fields. Similarly good 
fits (not shown here) were obtained^^ for Eux-xCaxB^ 
with x=0.4. Figure 3 also demonstrates that the same 
set of parameters'^ can equally well account for the fits 
of 9k{^^), the reflectivity R{io) and the real part ai{ui) of 
the optical condTictivity. Another information that may 
be obtained from Fig. 3 is the correspondence between 
the 1 eV signal in 6k{(^) and the related interband ab- 
sorption, manifested by the broad feature in R{co) and a 
shoulder in ai{uj) at the same energy. 

The reduced number of 4f states upon Ca-doping is 
manifest in the zero-field cti{u)) curves of Eui-xCaxB^ 
in the spectral range around 1 eV. The shoulder in cti {u) 
at 1 eV (inset of Fig. 3c), associated with the 4f-5d in- 
terband transitions"^'^''^, decreases with Ca-doping. The 
total absence of the 1 eV feature in 9k{<^) for the non- 
magnetic reference material YbBf, (inset of Fig. 1) con- 
firms the validity of the interpretation of this feature. 
A Kerr rotation is only encountered, if the absorption 
coefficients for LCP and RCP light are unequal. This 
situation is not expected for YbBe with fully occupied 4f 
electron shells of the Yb^~^ ions. 

The calculated 0if(cj) (Fig. 3a) exhibits no sharp res- 
onance in the spectral range of the reflectivity plasma 
edge (Fig. 3b) and no blue-shift of the same, neither 
within nor below the experimentally accessible range for 
the measurements of 6k{^) (thin dotted line in Fig. 3a). 
Thus it agrees with the experimentally observed 0k (to). 
In EuBq the sharp onset of the R{co) plasma edge and 
its blue shift^ were unambiguously correlated with the 9k 
resonance at about 0.3 eV (Ref. 3). This interpretation 
was supported by the Lorentz-Drude flt even for energies 
extending to below the experimental limit of the Kerr 
spectrometer^'^. The overdamped behaviour of the R(lu) 
plasma edge of Ca-doped EuBq (Fig. 3b) suppresses the 
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FIG. 4: Comparison between the measured magnetizations 
M (Ref. 18) and the quantity ct|/cto (cq. (2), with cro repre- 
senting the corresponding aj value at the lowest temperature 
and highest field) calculated for the h.o. around 1 eV and 
appropriately scaled to M(H) at selected temperatures. 



necessary resonance conditions, as postulated by Fell and 
Haas^, for a giant response in 0^ (t^)- Based on magneto- 
transport data it was suggested that in Ca-doped EuBq 
the formation of magnetic domain walls is favored by the 
disorder on the cation sublattice^. This is probably re- 
flected in the large damping (scattering rate) of the itin- 
erant charge carriers. Upon Ca-doping the sharp onset 
of the R{u}) plasma edge and the related Kerr resonance, 
as observed for EuBq (Refs. 2,3,4), are broadened and 
wiped out, respectively. 

The relevant quantity of the Kerr spectroscopy, which 
is selectively sensitive to spin-polarized states, is the rel- 
ative distribution of spectral weight, i.e., the unequal ab- 
sorption coefficients, involved in the optical transitions 
for RCP and LCP light. It is parameterized by the so- 
called weight factors (Refs. 4 and 11) which shape 



the dispersion- like curve of 6k{<^) at 1 eV. We have in- 
troduced the quantity 

^1 = -/-)/(/+ +r)i = i/+-i|, (2) 

with the condition that f~^ + f~ = 2, because of the sum 
rule constraints. For EuBq we have demonstrated^' 
that <jj is phenomenologically related to the magnetiza- 
tion M{H), thus acting as the MO counterpart of the 
moment polarization. Inspection of the factors^^ for 
the h.o.'s describing the 1 eV feature and a similar anal- 
ysis in terms of f7| for the Ca-doped EuBq (Fig. 4) con- 
firm that the 1 eV feature in 9k{<jj) is again associated 
with the MO response of the 4f electron states which are 
also responsible for the magnetization of the system^. In 
fact, aj{H) mimics the trend of the magnetization (Fig. 
4), just as for EuBq (Ref. 4). As for EuBq, the strongly 
scattered itinerant charge carriers in the Ca-doped com- 
pounds are hardly polarized (i.e. ~ 1), indicating 
once more their minor role in shaping the magnetization. 
The flat 9k spectrum in YbB^ at 1 eV implies = 1 
and consequently cr| = 0, known as a so-called diamag- 
netic situation with respect to the Kerr rotation^ ^. 

Taken together, our MO data on Eui-xCaxB^ and 
YhB^ indicate one successful way for achieving large Kerr 
rotations. Essential are electronic excitations out of in- 
completely filled 4f electron orbitals. Their effect may 
significantly be enhanced by excitations of itinerant elec- 
trons but it is required that the corresponding scattering 
relaxation rate is low enough to ascertain a steep slope 
at the onset of the Drude plasma edge in the reflectivity, 
thus confirming an earlier suggestion of Feil and Haas^. 
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